The polarization modulation strategy of the femtosecond laser field was shown to be a well-established method to control up-conversion luminescence in rare-earth ions. In this work, we further extend the polarization control behavior from weak to intermediate femtosecond laser fields. We experimentally show that the polarization control efficiency of the up-conversion luminescence in the Sm 3+ -doped glass will be affected by the femtosecond laser intensity, which decreases with the increase of the laser intensity. We theoretically propose a fourth-order perturbation theory to explain the experimental observation, which includes the two-photon and four-photon absorptions, and the destructive interference between the two-photon and four-photon absorption will result in the suppression of the polarization control efficiency due to their different polarization control degrees. These experimental and theoretical results provide a new insight into understanding the polarization control process of upconversion luminescence in rare-earth ion doped luminescent materials under an intermediate femtosecond laser field, and also can open a new opportunity for the polarization control application in some related areas.
Introduction
The up-conversion luminescence of rare-earth ions by converting low frequency photons to high frequency emissions via twophoton or multi-photon absorption has attracted great attention for its excellent optical properties, such as photo-stability, narrow spectrum, near infrared excitation, large Stokes shi, long luminescence lifetime, and well-dened emission bands.
1,2
In practical applications, the up-conversion luminescence of rare-earth ions has been widely applied in laser sources, 3, 4 ber-optic communication, 5, 6 light-emitting diodes, 7 solar cells, 8 color displays, 9,10 biolabeling and biomedical sensing, [11] [12] [13] [14] and so on. In order to further extend the various related application areas, it is very important to control the up-conversion luminescence of rare-earth ions in real-time, dynamical and reversible manners. Recently, several schemes have been proposed to realize the control manner, such as electric eld, 15 magnetic eld, 16 Plasmon, 17 temperature, 18 laser wavelength, 19 laser pulse duration, 20 laser repetition, 21 and so on. We proposed a femtosecond pulse shaping technique by the spectral phase modulation to tune or control the up-conversion luminescence of rare-earth ions. 22, 23 For example, the up-conversion luminescence intensity in Er 3+ -doped glass sample can be effectively suppressed by a p phase step modulation. 22 The green and red up-conversion luminescence in Er 3+ -doped NaYF 4 nanocrystals can be tuned by a square phase modulation. 23 Moreover, we also showed that the femtosecond laser polarization technique is a feasible method to control the up-conversion luminescence in the rare-earth ions. 24, 25 For example, the up-conversion uo-rescence intensity of Dy 3+ -doped glass sample can be controlled by both the laser polarization and phase modulations, and the laser polarization will affect the control efficiency of the laser phase modulation.
24
The laser polarization strategy has shown to be a wellestablished tool in the control of the up-conversion luminescence in rare-earth ions. 24, 25 However, these previous studies mainly focused on the laser polarization control under the weak femtosecond laser eld. In this work, we further extend this polarization control behavior to the intermediate femtosecond laser eld. We experimentally demonstrate that the femtosecond laser intensity will affect the polarization control efficiency of the up-conversion luminescence in the Sm 3+ -doped glass sample, and the higher laser intensity will yield the lower polarization control efficiency. We theoretically show that the higher order nonlinear optical effect (i.e., four-photon absorption) will occur under the higher femtosecond laser intensity, which can induce a destructive interference with the two-photon absorption, and nally results in the suppression of the polarization control efficiency due to their different polarization control degrees. The proposed theoretical model can well explain the experimental observation.
Experimental setup
In our experiment, the Sm
3+
-doped glass sample is prepared with the composition of 40% SiO 2 , 25% Al 2 O 3 , 18% Na 2 CO 3 , 10% YF 3 , 7% NaF and 0.5% Sm (in mol%). The mixed raw materials are melted in a platinum crucible with lid, which are treated for 45 minutes at the temperature of 1450 C in ambient atmosphere, and then molded in a brass mould followed by a 10 hour anneal at the temperature of 450 C. Finally, the glass products are further processed through incision and polishing, and are used in our optical measurement. The schematic diagram of our experimental arrangement for the laser polarization control of up-conversion luminescence in the Sm 3+ -doped glass is shown in Fig. 1 . Here, a Ti:sapphire mode-locked femtosecond laser (Spitre regenerative amplier from SpectraPhysics Co.) is used as the excitation source with the pulse width of about 50 fs, the central wavelength of 800 nm and the repetition rate of 1 kHz, and an attenuator is used to vary the laser intensity, and a l/4 plate is used to change the laser polarization. The polarization modulated femtosecond laser pulse is focused into the Sm 3+ -doped glass sample with a lens of 50 mm focal length. Here, the diameter of the spot size at the sample is about 9.8 mm. All the up-conversion uorescence signals radiated from the glass sample are collected perpendicularly and measured by a spectrometer with charge-coupled device (CCD).
Results and discussion
The UV-VIS-NIR absorption spectrum of the Sm 3+ -doped glass sample is measured by a U-4100 spectrophotometer (Hitachi), and the experimental result is shown in Fig. 2(a) . It can be seen that only one absorption band around the wavelength of 400 nm is observed, which is corresponding to the excited state 6 P 3/2 . Moreover, the up-conversion luminescence spectrum in the range of 300 to 800 nm under the 800 nm femtosecond laser pulse excitation with the laser intensity of 4.2 Â 10 13 W cm À2 is shown in Fig. 2 Fig. 3 shows the up-conversion uorescence intensities by varying the quarter-wave (l/4) plate angle q with the Here, an attenuator is used to vary the laser intensity, and a l/4 plate is used to change the laser polarization. In order to study the physical mechanism of the polarization control efficiency tuning by varying the femtosecond laser intensities, we propose a fourth-order perturbation theory model under the intermediate femtosecond laser eld to explain above experimental observation, which includes the two-photon and four-photon absorptions. One simple method to verify the existence of four-photon absorption in our experiment is to measure the up-conversion luminescence by varying the femtosecond laser intensity, and the experimental results are shown in Fig. 4 . As can be seen, the up-conversion luminescence intensity shows a slow increase and then fast increase behavior with the increase of the laser intensity, and therefore the experimental data in the lower and higher laser intensities can be linearly tted by two solid lines with different slopes, respectively. It is obvious that the slope in the higher laser intensity is much larger than that in the lower laser intensity, which is due to the involvement of the four-photon absorption.
In the lower laser intensity, the two-photon absorption dominates the whole excitation process, and therefore the slope is relatively low with about 1.8. However, in the higher laser intensity, the coexistence of two-photon and four-photon absorptions results in the slope increase with about 2.4. Fig. 5 presents the energy level diagram of Sm 3+ ion and the possible up-conversion excitation processes by the two-photon and four-photon absorptions. Here, the two states 6 H 5/2 and 6 P 3/2 represent the ground state |g> and nal excited state |f>, respectively. It can be clearly seen that the two-photon absorption is a non-resonant excitation process, while the four-photon absorption is a resonance-mediated excitation process. In the two-photon absorption process, the initial population in the ground state |g> (i.e., 6 H 15/2 ) is pumped to the nal excited state |f> (i.e., 6 P 3/2 ) by simultaneously absorbing two photons.
However, the excitation pathway in the four-photon absorption process involves all the contributions of the non-resonant Raman parts via the virtual states |m> and |n>, where the four photons in the excitation process involves the three absorbed photons and one emitted photon. That is to say, the four-photon absorption in our study includes a stimulated downward process, which is different from the common fourphoton absorption with the upward excitation during each step. In order to clearly describe the whole excitation process, the transition sequence of the two-photon or four-photon absorption is labeled by using the digital symbols of ①, ②, ③ and ④. Fig. 2(b) ).
On the basis of above theoretical model, the transition amplitude A f in the excited state 6 P 3/2 under the intermediate femtosecond laser eld excitation should involve the contributions from both the two-photon and four-photon absorptions, i.e., A
f and A
f . The second-order term A
f (i.e., non-resonant Fig. 4 The log-log plot of the up-conversion luminescence intensity by varying the femtosecond laser intensity with the linear polarization, together with the linear fitting. two-photon absorption) includes all the non-resonant twophoton transition pathways, and can be described as
with
where u fg is the transition frequencies from the ground state |g> (i.e., 6 H 15/2 ) to the excited state |f> (i.e., 6 P 3/2 ), m fg 2 is the corresponding dipole moment matrix elements. Here, we use the normalized spectral eldÊ(u) ¼ |E(u)|/|E 0 | to represent the laser eld shape, and E 0 is the maximal spectral amplitude. However, the fourth-order term A (4) f (i.e., resonance-mediated four-photon absorption) can be decomposed into the onresonant and near-resonant parts. The on-resonant fourphoton absorption is that the population in the ground state 6 H 5/2 is rstly pumped to the excited state 6 P 3/2 or ground state 6 H 5/2 and then further pumped to the excited state 6 P 3/2 by absorbing three photons and emitting one photon, and the near-resonant four-photon absorption is that the population in the ground state 6 H 5/2 is directly pumped to the excited state 6 P 3/2 without through the two states 6 P 3/2 or 6 H 5/2 with the three absorbed photons and one emitted photon. Thus, the fourorder term A
f can be approximated as
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and A (R) (d) can be dened as
where § is the Cauchy principal value, A abs (u f(g) ) represents the absorption line-shape function of the excited state |f> (i.e., 6 In the real experiment, the quarter-wave (l/4) plate was usually used to change the laser polarization from line through elliptical to circular. Mathematically, the polarization modulated femtosecond laser eld in the space can be decomposed into two orthogonal directions (i.e., e x and e y ), and is written as
where q is the angle between the input laser polarization direction and the l/4 wave plate optical axis. It can be veried that the laser eld is linear polarization for q ¼ mp/2 (m ¼ 0, 1, 2, .), circular polarization for q ¼ (2m + 1)p/4, and elliptical polarization for other angles q. Fig. 6 shows the possible excitation pathways of non-resonant two-photon absorption process (a) and one of on-resonant four-photon absorption processes (b) by the polarization modulated femtosecond laser eld. One can see that the two photons in the non-resonant twophoton absorption process can only come from the same polarization direction (i.e., e x e x and e y e y ), while the four photons in the on-resonant four-photon absorption process can come from the different polarization directions (i.e., e x e x e y e y and e y e y e x e x ) or the same polarization direction (i.e., e x e x e x e x and e y e y e y e y ). Similar to the non-resonant two-photon absorption, the four photons in the near-resonant four-photon absorption process can only come from the same polarization direction (i.e., e x e x e x e x and e y e y e y e y ). One can see that the polarization modulated femtosecond laser eld can induce several different excitation pathways in the two-photon and four-photon absorption processes. Thus, the transition amplitudes in the excited state 6 P 3/2 through these different excitation pathways can be written as
As can be seen, all these photons in eqn (8) and (10) come from the horizontal polarization direction (i.e., e x ), and therefore the two excitation pathways can occur the destructive or constructive interference. Similar behavior can be found in eqn (9) and (11), where all the photons come from the perpendicular polarization direction (i.e., e y ). Thus, the total transition Fig. 6 The possible excitation pathways of non-resonant two-photon absorption and on-resonant four-photon absorption by the polarization modulated femtosecond laser field.
probability S f in the excited state 6 
It can be seen from eqn (14) that the total transition probability S f is the interference result of the two-photon and fourphoton absorption processes (i.e., the two terms |P xx + P xxxx | 2 and |P yy + P yyyy | 2 ). For the transform-limited femtosecond laser eld (i.e., f(u) ¼ 0), the two-photon transition amplitude A (2) f is imaginary number (see eqn (1)), while four-photon transition amplitude A (4) f is complex number, where the on-resonant part A (4)on-res f is real number (see eqn (4)), while the near-resonant part A (4)near-res f is imaginary number (see eqn (5)). It is evident that the two-photon absorption A (2) f and the near-resonant fourphoton absorption A (4)near-res f can occur the destructive or constructive interference. Moreover, d is the laser detuning (see eqn (5)), which will affect the sign of the near-resonant fourphoton part A (4)near-res f that depends on the laser central frequency, and nally determines the destructive or constructive interference of the two-photon and four-photon absorptions. In order to individually observe the contributions of the two-photon and four-photon absorptions in the whole excitation process, the transition probabilities of the excited state 6 P 3/2 by the two-photon and four-photon absorptions are respectively given by
and
One can see from eqn (15) and (16) that the two-photon transition probability S (2) f and four-photon transition probability S (4) f are both dependent on the l/4 wave plate rotation angle q (i.e., the laser polarization). It is easy to verify that both S (2) f and S (4) f are maximal value for q ¼ mp/2 (m ¼ 0, 1, 2, .) and minimal value for q ¼ (2m + 1)p/4, while their control efficiencies are different.
In order to explain the experimental observation that the polarization control efficiency of the up-conversion luminescence in Sm 3+ -doped glass sample will decrease with the increase of the femtosecond laser intensity, as shown in Fig. 3 . We theoretically calculate the normalized transition probability S f by varying the quarter-wave plate angle q based on eqn (14), together with the normalized two-photon and four-photon absorption contributions based on eqn (15) and (16) 
f and S
f ), and the simulated results are shown in Fig. 7 . Here, these used parameters are mainly based on our experimental conditions, involving the laser wavelength, spectral bandwidth, laser intensity, state transition frequency of Sm 3+ ions and state absorption bandwidth. As can be seen, both the two-photon and four-photon absorptions can be suppressed, and the maximal suppression occurs the same quarter-wave plate angle q ¼ (2m + 1)p/4, but their control efficiency are different, and the four-photon absorption obtains the higher polarization control efficiency, which is consistent with above analysis. Furthermore, one can see from eqn (1) and (3)- (5) that the second-order term A 
f is proportional to |E 0 | 4 , and therefore the relative weight of the four-photon absorption contribution in the whole excitation process will increase with the increase of the femtosecond laser intensity. As shown in eqn (14) , the twophoton and four-photon absorption processes can generate the destructive or constructive interference. In our theoretical calculation, the interference between the two-photon and fourphoton absorptions is destructive, and therefore the polarization control efficiency of the transition probability S f will be suppressed (see Fig. 7 ), but the suppression degree depends on the weight of the four-photon absorption contribution in the whole excitation process. Thus, the experimental observation in Fig. 3 can be explained as follows. In the lower femtosecond laser intensity, the up-conversion luminescence mainly comes from the contribution of the two-photon absorption, and the polarization control efficiency is decided by the two-photon absorption, which is relatively large. However, the four-photon absorption contribution can be compared with the twophoton absorption contribution in the higher femtosecond laser intensity, and thus the destructive interference between the two-photon and four-photon absorptions will result in the decrease of the polarization control efficiency. Therefore, with the increase of the femtosecond laser intensity, the polarization control efficiency will decrease. It is obvious that the theoretical calculations are in good agreement with the experimental measurements. 
Conclusions
In summary, we have experimentally demonstrated that, under the intermediate femtosecond laser eld excitation, the polarization control efficiency of the up-conversion luminescence in the Sm 3+ -doped glass will be affected by the laser intensity, and the experimental results showed that the polarization control efficiency of the up-conversion luminescence will decrease with the increase of the femtosecond laser intensity. We theoretically proposed a four-order perturbation theory (i.e., the higher nonlinear optical effect) to explain the experimental observation by considering both the two-photon and four-photon absorption processes, and the theoretical calculations showed that the destructive interference between two-and four-photon excitation pathways results in the decrease of the polarization control efficiency because of their different polarization control efficiency degrees. In this work, we extend the polarization control behavior of the up-conversion luminescence in rareearth ions to the intermediate femtosecond laser eld, which is very useful for further understanding and controlling the upconversion luminescence process under the intermediate femtosecond laser eld. Furthermore, these theoretical and experimental studies are also expected to be applied in related application areas.
